White-clawed crayfish, bullhead, and freshwater pearl mussel are different model organisms in terms of biological traits. Analysing their distribution patterns, habitat demands, and causes of decline may thus help to derive broader frameworks for conservation projects. This paper includes a wide-ranging literature review for these three threatened freshwater animals, then uses general patterns to make suggestions about broader protection measures for freshwater species. Each species has a patchy distribution, from local to broad spatial scales. However, we point out the difficulty to summarise such knowledge, because many variables were not consistently and/or accurately recorded by workers, and because the range of colonised habitats depends on the environmental heterogeneity within study areas. Causes of decline are chiefly related to human activities which modify the biological, chemical, and physical features of the aquatic environment, and can be classified into four types: physical habitat alterations, interspecific interactions, overfishing and poaching, and natural disturbance. By analysing causes of decline and possible actions, we develop seven general trends that could be adopted for a wider array of species. However, protection plans cannot be effective without actual collaborations between river managers, local inhabitants, and authorities. Finally, the re-introduction procedure itself (if needed) depends on the biology of the species under survey, and remains specific. At the same time, further fundamental research is needed to generalise relationships between population and habitat dynamics at different spatial and temporal scales.
Introduction
Species' distribution is influenced by a large number of environmental factors, such as the geological history of the area (Kontula & Väinölä 2001) , environmental stability (Ward & Stanford 1979) , ecosystem productivity (Lavandier & Décamps 1984) , habitat heterogeneity and suitability (Gorman & Kar 1978) , and competition and predation (Pianka 1978) . However, these factors operate at several spatial and temporal scales, e.g., geologic history affects the biogeography of species at a regional scale, whereas physical characteristics of microhabitats may influence local distributions and/or densities (Hastie et al. 2000a (Hastie et al. , 2000b . During the last decades, there have been many attempts to model the spatial distribution patterns of a number of species with the broader aim to bring out the influence of numerous biotic and abiotic factors, and the way they may act at various spatial scales (Morris 1987 , Inoue & Nunokawa 2002 . Indeed, under an applied perspective, quantitative characterisations of preferential environments (from local to regional scales) are fundamental bases to the design of management and conservation projects. Such data help ecologists to bring out relatively constant features of preferred habitats (Lobb & Orth 1991) , to assess habitat suitability or alteration in a given area (Raven et al. 1997) , and/or to understand patterns of use and partition of space and resources in closely related species (Degerman & Sers 1993) . Many aquatic species were studied as model organisms under this topic. While great emphasis was laid on flagship species (e.g., salmonids, Roussel et al. 1999) , other freshwater species have received little or no attention, certainly because of their lack of economic interest (Mastrorillo et al. 1997) . Nevertheless, numerous small benthic-dwelling species, which are less mobile, should be more prone to exhibit important relationships with their habitat, and can be relevant models for a broader understanding of the relationships between (2) the distribution of populations and individuals, and habitat features. As human actions often result in the destruction or modification of physical and hydraulic habitats, they are threats for aquatic species, which ecological responses depend on their physiological, behavioural and demographic logic.
Amongst threatened aquatic animals, we focused on three species: the freshwater pearl mussel (Margaritifera margaritifera L., Mollusca Unionidae), the white-clawed crayfish (Austropotamobius pallipes Lereboullet, Crustacea Decapoda), and the bullhead (Cottus gobio L., Pisces Cottidae). We selected these three species because : i) they correspond to different model organisms in terms of biological and ecological traits (mobility, longevity, demography, behaviour, foraging…), ii) they are the focus of many conservation studies in the northern hemisphere, and iii) they have colonised very similar habitat types and often coexist within their range. Many factors, closely related to fishing activities and/or destruction of their physical and hydraulic habitats by man, have led to their decline. These animals are listed species in Annex II of the European Community Habitats Directive 92/43/EEC. However, because habitat and/or species surveys are timeand money-consuming, environmental managers and policy makers need general trends that could be adopted for a wide array of species. Through a literature review, we used the three above-mentioned species i) to analyse general trends in the spatial distribution patterns of threatened species at various perception scales (habitat, river, region), ii) to bring out the main causes of species' decline, and iii) to bring out non-specific guidelines likely to help environmental managers to prevent the decline of the river biota.
Spatial distribution patterns at multiple scales
The white-clawed crayfish, the bullhead, and the freshwater pearl mussel are widespread in the northern hemisphere (Koli 1969 , Vigneux 1997 , Young et al. 2001 , where they have a broad altitudinal zonation (Table 1) , and a latitudinal distribution from Spain up to the Polar Circle. In each of these species exhibit a patchy distribution from the local (e.g., a stream section) to the regional scale, and most authors linked such a pattern to their progressive decline (e.g., Pedroli et al. 1991 .
At regional and local scales, the distribution patterns of populations show clear spatial discontinuities. In some countries such as France or Spain, the white-clawed crayfish is one of the most widespread Decapod Crustacean (Vigneux et al. 1993 , Arrignon 1996 , but both species distribution and population densities have been drastically reduced during the last decade . At the catchment scale, populations are scarce and reduced to marginal areas of stream systems, which are often disconnected from the main stream (García-Arberas & Rallo 2000) . Such observations reveal that some river sections remain more suitable than others in terms of potential shelters, and this pattern was clearly illustrated by differences in crayfish density among neighbouring sites within a stream systems (Daguerre de Hureaux & Roqueplo, 1981) . Within their vast holartic range, pearl mussel populations are more or less distant, and spatially segregated (Hendelberg 1960) . Dams and natural obstructions often limit their longitudinal distribution (Neri 2000) . At the beginning of the 20 th century, Bonnemère (1901) was the first to suggest a decline in French pearl mussel populations. One century later, M. margaritifera was recognised as an endangered species in Europe , Young et al. 2001 . Throughout Europe, the bullhead has a disrupted spatial distribution (Bomassi & Brugel 2000 , Englbrecht et al. 2000 . In Switzerland, it is now considered as rare to very rare into a third of the rivers, and a half of lakes (Pedroli et al. 1991) . In Austria, a strong regression was reported by Kainz & Gollmann (1989) .
Reliable information on the optimal habitat conditions of the species to protect is often regarded as essential by environmental managers who wish to improve habitat quality, and literature reviews are commonly used for such purposes , Diéguez-Uribeondo et al. 1997a ). We compiled data from various local studies, in an attempt to summarise present knowledge on the preferential habitats for the three studied species (Table 1) . Such synthetic tables based on literature data require a cautious analyse. Table 1 is not exhaustive, primarily because some environmental variables were accurately described by authors (e.g. temperature, elevation, substrate) whereas others were poorly (or not consistently) documented (e.g. stream order, stream width). Because of the patchy distribution of populations, most authors focused on a rather small set of sampling sites within a restricted geographic area. In each work, the reported range of suitable habitats thus depended on the spatial and temporal heterogeneity within the considered area. For example, depth varied from few centimetres to some decimetres among the study areas in Andreasson (1971) , Hru¬ka (1992) , García-Arberas and Rallo (2000), and we could conclude that the three studied species live in shallow waters. Nevertheless, researchers caught individuals in deeper water, e.g., until 5 m (3) for the pearl mussel in the River Pärlälven (Arctic Sweden) (Hendelberg 1960) . Such bias may also be due to inefficient sampling techniques under conditions such as deep water , Björk 1962 . Thus, when summarising species' habitat preferences from literature data, we must acknowledge that the range of suitable habitat conditions increased with the number of considered studies.
Causes of decline
For each species, all studies quoted in this paper emphasised the prominent role of man activities in the decline or extinction of populations ( Table 2) . Degradation of environment and alteration of habitats (both physical and chemical) is the chief factor for population decline, whatever the species. Alteration of the (4) biotic environment is the second cause of decline, and includes introduction of alien competitors (particularly in crayfish) or removal of host species (pearl mussel). Finally, natural factors, such as drought, floods, or parasitism have the lowest impact, compared to human-induced threats. These causes of decline are further detailed below, and can be classified into the four following groups.
Habitat alteration
Channel banks structure, riparian vegetation (tree species and quantity), and waterside soil use are key factors to the success of populations in stream species. As any action increasing banks and land erosion may be lethal to some populations (e.g., cattle overgrazing, extensive deforestation, stamping), a dense riparian vegetation strip may allow to reduce detrimental effects. Indeed, roots provide refuge habitats and strengthen banks (Abernethy & Rutherfurd 2000) , and vegetation density reduces the access to the river. Moreover, vegetation strips between streams and adjacent lands have a buffer effect as they temporarily retain scoured nutrients (Tabacchi et al. 2000) . Some tree species are more suitable than others, e.g., alder (Alnus sp.), willow (Salix sp.), and hazel tree (Corylus avellana) . Conversely, some tree species are detrimental to the aquatic biota, e.g., riparian conifers acidify the stream environment, and their culture have been reported to cause the decline of pearl mussel populations (The UK Biodiversity Steering Group 1995).
As a major human influence, river regulation is known to adversely affect physical and hydraulic habitats. It primarily leads to a decrease in the abundance of potential shelters, either by increasing river competence (sensu Minshall 1984 ) and substrate instability (Cobb et al. 1992) , or by reducing stream flow and increasing water depth so that concentrations of suspended matters increase (Bomassi & Brugel 2000) . For example, sediment size and stability are a crucial prerequisite to allow colonisation and persistence by pearl mussel (Williams et al. 1993 , Di Maio & Corkum 1995 , but siltation and accumulation of plant detritus due to reduced flow may lead mussel populations to extinction (Hendelberg 1960 , Hastie et al. 2000a ). Several authors reviewed the impact of river regulation with emphasis on the effects of flow regimes on the habitat of aquatic organisms (Brittain & Saltveit 1989 , Gore et al. 1989 , Kinsolving & Bain 1993 , Moog 1993 . They chiefly reported that: i) increased flow constancy reduced the average number of taxa, although mean density may increase in some species, and ii) widely fluctuating daily flows and current velocities lead to lower benthic densities and richness, whereas population structure is usually modified (Crisp 1993) , with the youngest life stages being the most affected. Indeed, when flow patterns are artificial, unpredictable variations may cause a strong mortality in the critical development stages (Poff et al. 1997 ), e.g., larval and juveniles stages of freshwater mussels were observed to be removed by high current velocity before individuals established their territories (Holland-Bartels 1990 , Layzer & Madison 1995 .
Chemical alterations are caused by direct or diffuse pollution by human activities at the catchment scale (e.g. sewage disposals, extensive agriculture, fertilisers, industrial practices…) (Bomassi & Brugel 2000) . They Table 2 . Main identified reasons for the decline of studied species (quoted from the most to the less important).
Austropotamobius pallipes Cottus gobio Margaritifera margaritifera
Introduction of exotic species: -exclusion by competition, -disease mortality.
Degradation of environment and alteration of habitats (physical and chemical).
Poaching and overfishing.
Natural causes (drought, disease).
Natural causes (parasitism).
Overfishing.
Host fish disappearance.
Natural causes (drought, flood). (5) usually induce the decline of populations by reducing individual fecundity and/or growth. An example can be quoted for each studied species. In pearl mussels, slight eutrophication inhibit the growth of young individuals and increase mortality from 10% to 70% in older mussel (Bauer et al. 1980 , Bauer 1983 . In bullheads, agricultural and industrial pollutants cause residual accumulations in fish tissues, which adversely affect fecundity and may cause sterility, or even the death of organisms (Bomassi & Brugel 2000) . Finally, strong and sudden mortality of crayfish was often explained by alterations of the chemical environment (excessive phosphate and nitrate concentrations, heavy metals) (Holdich & Rogers 1997) . Moreover, weakened crayfish under poor chemical conditions are much more sensitive to pathogenic bacteria (Roqueplo & Daguerre de Hureaux 1983 , Arrignon 1996 .
Interspecific interactions
Exotic species were introduced for aquacultural (high productivity, rapid growth and high fecundity), culinary, and aquarist purposes (Holdich & Rogers 1997 , Laurent 1997 . Coexistence with alien species chiefly affects native species through competition for refuge habitats (Vorburger & Ribi 1999) . Introduced species usually grow faster, have a greater size and less restricted habitat requirements than native species (Holdich & Rogers 1997) . Such ecological advantages are detrimental to the partition of habitat and food resource, and native populations may rapidly decline to extinction. Moreover, foreign species may be predators to native species, and/or may be vectors of diseases ). This problem chiefly affected the white-clawed crayfish. The introduction of exotic crayfish species (Astacus leptodactylus Eschscholtz, Orconectes limosus Rafinesque, Pacifastacus leniusculus Dana, Procambarus clarkii Girard) was the main reason for the decline of A. pallipes in Europe (Laurent 1997) , as it led to a competitive exclusion of native crayfish, and brought the crayfish plague caused by the fungus Aphanomyces astaci . A. pallipes populations which were subjected to introduced predatory crayfish could only subsist in colder sections of headwater streams, i.e., where exotic species where unable to withstand the colder thermal conditions (Gil-Sánchez & Alba-Tercedor 2002) .
The decline of bullhead populations is certainly not caused by interspecific competition. Cottus gobio commonly coexists with other fish species (chiefly salmonids and loach) with no or little competitive interactions (Jør-gensen et al. 1999 , Welton et al. 1983 . Coexistence is allowed by resources partitioning (mainly food and shelters), and certainly favoured by the behavioural and morphological characteristics of this fish species (Welton et al. 1991 , Gaudin & Caillère 1990 , Gabler et al. 2001 . However, bullhead's distribution and density at a site was reported to be significantly influenced by the presence of predators such as the pike (Esox lucius L.) or the burbot (Lota lota L.) in Swedish rivers (Degerman & Sers 1994) , or by the presence of competitors / predators such as signal crayfish (P. leniusculus) in British rivers (Guan & Wiles 1997) .
To complete its life cycle, the freshwater pearl mussel uses salmonid fish as hosts for its glochidia larvae. In Europe, the most suitable host seems to be brown trout (Salmo trutta L.) and salmon (Salmo salar L.), with preference for youngest stages (Young & Williams 1984a , 1984b . American studies of freshwater mussels concluded that the decline of some populations was due to changes in fish community, and specifically to the disappearance of the appropriate fish host (Haag & Warren 1998 , Vaughn & Taylor 1999 . It is very likely that the decline of the freshwater pearl mussel in Europe is partially due to the regression of host fish populations . Moreover, very high losses are linked to the random meeting between larva and fish, and then between larva and suitable substratum (Björk 1962 , Young & Williams 1984a . Finally, the restocking of salmonid reaches with non-native salmonids such as rainbow and brook trout is a potential threat to the long-term survival of freshwater pearl mussels, as they may out-compete the native species and are not suitable hosts for glochidia (Young & Williams 1984a , 1984b 
Overfishing and poaching
Species such as white-clawed crayfish and freshwater pearl mussel were particularly subjected to overfishing and poaching, because of their economical interest (gastronomy, jewellery). The capture of spawners, even when their size is below the legal size of capture (Roqueplo 1997), adversely affects the renewal rate of populations, which is particularly detrimental to species with slow growth. As the survival of freshwater pearl mussel depend on host fish availability, the overfishing of the European salmonids populations may be an indirect threat to M. margaritifera (Chesney & Oliver 1998 , Cosgrove et al. 2000 .
Natural disturbance
Mortality due to natural disturbance is scarce, but may drastically affect some populations. During strong drought periods, desiccation causing death of individuals in high numbers was observed for freshwater pearl (6) mussels (Björk 1962 ) and white-clawed crayfish (Holdich 1991 , Temiño & Sàez-Royuela 1998 . Similarly, individuals may die from desiccation or asphyxiation caused by subsiding of floods (Hru¬ka 1992 , Neri 2000 . A mass mortality was thus observed in a crayfish population after heavy summer rainfalls (Almaça 1990 ). Over-density of crayfish populations is known to increase mortality by disease. For example, the porcelain disease seems to be density-dependent (Brown & Bowler 1977 .
A general conservation framework
By considering the well-known causes of decline and operational means, we summarized some possible management options in Table 3 . Beyond its synthetic contents, Table 3 clearly shows that i) rehabilitating a population cannot work without a rehabilitation of habitat conditions, and ii) any proposed action (and therefore any protection plan) cannot be effective without actual collaborations between river managers, local human populations, and authorities. Regardless to the considered species, protection measures will be first designed to preserve the spatial and temporal heterogeneity of stream habitats. Even if a given species has completely disappeared in the area, habitat improvement (e.g. before a reintroduction project) will favour those species associated with good water and habitat quality (e.g. benthic insects). By using the literature backgrounds highlighted in this paper, we attempted to design a framework for restoration-protection projects, whatever the considered species. This framework could be made of the following steps:
1 -map the current distribution of populations in the area under survey, estimate their number, their density and their demographic status (declining, viable, young, recently settled).
2 -map the spatial distribution and assess the density of competitor populations (e.g. introduced competitors).
3 -A thorough knowledge of optimal habitat conditions of the considered species is essential in order to protect and/or to improve the habitat quality: make a literature review on this topics for species under survey. Then, with respect to species ecological requirements, classify suitable areas as protected zones.
4 -Sustain viable populations by limiting access to their environment, and temporarily or definitively restrict their exploitation (Reynolds 1997) .
5 -Support declining populations with reintroduction, create new population in potentially suitable environment by adding individuals (Holdich & Rogers 1997 . Genetic characteristics have to be considered: reasoning by autochtonous stocking is probably more suitable than by autochtonous species (Vigneux 1997).
6 -Continue surveys of existing and/or reintroduced populations to adapt management options to the success of populations: find explanations of reintroduction failure, continue actions if a population increases.
7 -Increase public information and awareness about populations, and measures to be respected to allow their preservation. Restoration plans can work correctly, but only if the various social and economic actors collaborate efficiently.
Unlike preventive actions and general conservation measures, deriving global reintroduction patterns is a difficult task. Reintroduction procedures are closely linked to the biology of considered organisms, and thus remain specific. Some examples are given hereafter. Moog et al. (1998) suggested to reintroduce M. margaritifera by using glochidia-infected fish in a suitable area, and to support existing populations with artificial infections of host fish. This method was widely accepted since the beginning of the 20 th century (Coker et al. 1919-20) . More recently, the culture of juvenile freshwater pearl mussels in cages offered promising reintroduction prospects (Buddensiek 1995) . The introduction of juveniles A. pallipes (about 16 months old) seems to be the best compromise between breeding cost and survival rate in the introduction area (Arrignon 1996 , Vigneux & Vigneux 1981 . Because of the high risk of diseases such as the crayfish plague, most European countries suggested a health control of crayfish populations under survey. Introduction of bullhead by man was first reported in 1979 in Fennoscandia (River Utjoski) (Pihlaja et al. 1998) , and, nowadays, bullheads seem to have spread into other neighbouring streams (Jørgensen et al. 1999) . Therefore, the introduction of bullheads in suitable environments seems to be feasible, either from wild or farming populations (rearing C. gobio in fish tank is quite easy (Gaudin 1981) ). Artificial substratum were also used to preserve and expand populations (Knaepkens et al. 2002) .
Given the physical and chemical alterations in rivers throughout the world, and subsequently the alteration of aquatic biodiversity, preventive actions for the protection of freshwater habitats are urgently required. Although our literature review focused on three selected species, it allowed us to point out some general considerations about the conservation of threatened aquatic species and their preferential habitats. At broad spatial scales, the decline of a species can be perceived when only small (7) populations remain with a patchy distribution, increasing the risk of endemism. At local scales, the causes of decline are chiefly related to the neighbouring human activities which modify the biological, chemical, and physical features of the aquatic environment. Many biomonitoring techniques use classifications of reference sites from rivers of high biological quality to provide site-specific predictions of the fauna to be expected under undisturbed conditions, using a small set of environmental characteristics (Naura & Robinson 1998 , Wright et al. 2000 , Hastie et al. 2003 . By knowing what the ecosystem should be like in a given geographic zone, ecologists can thus determine the degree to which human activity has altered it. However, our review suggests that further fundamental research is still needed to generalise relationships between population (hatching success, life cycle and growth patterns, production) and habitat (e.g., spatial and temporal fluctuations of suitable microhabitats vs. flow patterns) dynamics at different spatial and temporal scales (Resh & Rosenberg 1989) . Finally, if a great attention was given to some species (e.g., A. pallipes, M. margaritifera), the will to protect other threatened species is relatively recent, and we will probably need more time for a proper view of the success and failures of conservation plans. 
